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Abstract 

We propose that quarks and leptons are interchangeable entities in the high-energy 
limit. This naturally results in the extension of [5'J7(3)]^ trinification to [5C/(3)]^ 
quartification. In addition to the unbroken color SU{3)g of quarks, there is now also a 
color SU{3)i of leptons which reduces to an unbroken SU{2)i. We discuss the natural 
occurrence of SU{2)i doublets at the TeV energy scale, which leads remarkably to 
the unification of all gauge couplings without supersymmetry. Proton decay occurs 
through the exchange of scalar bosons, with a lifetime in the range 10^"^ — 10^^ years. 



Leptons are different from quarks in two important ways. (1) Quarks come in three 
colors and they interact as triplets under the color SU (3) gauge group, whereas leptons are 
singlets and do not interact at all in this respect. (2) Quarks have fractional electric charges, 
whereas leptons have integral charges. These differences are obvious but perhaps they are 
also superficial. By that we mean the possibility that leptons and quarks are actually very 
much alike in the high-energy limit, and they only appear to be different at low energies. 

The implementation of this idea turns out to be very simple and natural. We merely 
accept the existence of a separate lepton color SU{3)i gauge symmetry P, which is broken 
at a high scale to SU{2)i. Two of the three components of this lepton color triplet are 
confined by the residual SU{2)i gauge interactions, but the third is unconfined, and that 
is what we observe at low energies. At the same time, the partial breaking of the lepton 
color SU{3)i allows us to understand the electric charge differences between quarks and the 
observed leptons. 

The minimum gauge group containing leptonic color is SU{3)g x SU{3)i x SU{2)l x U{1). 
This is very interesting by itself and has been thoroughly discussed mi2]- Partial unification 
of SU{?>)q X SU{3)i X SU{3)l x SU{3)fj has also been considered 0. Here we find the 
remarkable new result that the natural occurrence of exotic SU{2)i doublet fermions at the 
TeV scale automatically leads to the complete unification of all gauge couplings at around 
lO""^^ GeV without supersymmetry. We call this [^[/(S)]^ "quartification" . 

Quarks and leptons interact with each other through a common set of gauge bosons, 
i.e. the photon and the and bosons. In addition, quarks interact among themselves 
through the SU{3)c gluons. This pattern is somewhat asymmetric, but it may only be so 
because it is the low-energy remnant of a much more symmetric theory at high energies. An 
intriguing possibility is trinification based on the gauge group SU{3)c x SU{3)l x SU{3)r 
jHElinilZI, under which the quarks and leptons belong to the (3, 3*, 1), (3*, 1, 3), and (1, 3, 3*) 
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representations, as shown in Fig. 1. We adopt the convention that all fermion fields are left- 
handed, with their right-handed counterparts denoted by the corresponding (left-handed) 
charge-conjugate fields. 
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Figure 1: Pictorial representation of quarks and leptons in [^[/(S)]^ trinification. The (im- 
phcit) x,y axes in the first diagram are I^LjYl; in the second diagram, /sij, Y^; and in the 
third diagram, I^l + hn, + ^ij- 



The electric charge Q is given by 

Q = hL- 
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Hence the exotic fermion h{h'^) has charge ^1/3, E{E'^) has charge =f1, and N,N'^,S are 
neutral. In matrix notation, the leptons and antileptons are contained in 



X 
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where hi = (1/2, -1/2, 0) and Yl = (1/3, 1/3, -2/3) for the rows, and = (-1/2, 1/2, 0) 
and = (—1/3, —1/3,2/3) for the columns. The quarks are given by 



(3) 



where I^l = (~l/2, 1/2, 0) for the columns in q and I^r = (1/2, —1/2, 0) for the rows in q'^. 
The addition of two scalar multiplets 
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allows the Yukawa terms Tr{q^q(j)a) as well as eijkemnp^^"^ ^■'"^^(pa'^ , thus providing all fermions 
with appropriate masses and mixings. (With only one such field, the up and down quark 
mass matrices would be proportional to each other and all charged-current mixing angles 
would be zero.) Using a "moose" [H] or "quiver" [S] diagram, this model may be depicted as 
in Fig. 2. 



SU{3) 




Figure 2: Moose diagram of [5'[/(3)]^ trinification. 

It is clear that quarks and leptons are still dissimilar in the [5'f/(3)]^ model. To achieve 
complete quark-lepton symmetry, we make use of the notion P that leptons may also come 
in three colors under a separate color SU{3)i gauge group, which is then broken to SU{2)i, 
allowing only one component, i.e. the observed lepton, to be light and unconfined. In that 
case, we have a natural [S'f/(3)]^ model with the moose diagram as shown in Fig. 3, which is 
clearly totally symmetric with respect to the interchange of quarks and leptons. [In contrast, 
the extension of trinification to include chiral color [12], i.e. SU{3)c — * SU{3)cl x SU{3)cr, 
would not be.] 

Under SU{3)q x SU{3)l x SU{3)i x SU{3)r, we then have 

g~(3,3*,l,l), g'^- (3*, 1,1, 3), (5) 
/~(1,3,3*,1), r -(1,1,3,3*). (6) 

Although chiral, this assignment is free of all triangle anomalies. Whereas q and q'^ may be 
depicted in the same way as in Fig. 1 and represented as in Eq. (3), / and l'^ replace A of 
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SU{3)g 




SU{3)i 

Figure 3: Moose diagram of [S'f/(3)]'' quartification. 
Eq. (2). The analog of Eq. (1) becomes 

Q - Hl - — + Hr- — - —■ {() 

Here Yi takes the same values as Yl or Yr depending of course on whether it is part of a 
triplet or antitriplet. The matrix representations of / and l'^ are 
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where the columns of / have Yi = (—1/3, —1/3,2/3), and the rows of l'^ have Yi = (1/3,1/3, 
-2/3). Using Eq. (7), we find and A^'^ to be neutral, and the exotic SU{2)i doublet leptons 
{x,y,z) to have charges (1/2,-1/2,1/2) and {x^ , y'^ , z'^) to have charges (-1/2,1/2,-1/2) 
respectively. Because of their half integral charges, we call the SU{2)i doublets "hemions". 

To obtain the usual lepton and quark masses, we need the analogs of the scalar multiplets 
of Eq. (4), i.e. 

</.,~(l,3*,l,3) (a = 1,2), (9) 

which allow the Yukawa terms Tr{ll'^(j)a) and Tr{q'^q(j)D. As in the case of trinification, two 
such (j) fields are necessary to generate realistic quark masses and nonzero mixing angles. In 
the basis I^l = (—1/2, 1/2, 0) for the columns and I-sr = (1/2, —1/2, 0) for the rows, we note 
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that {(f)a)ij has the same charge assignments as A of Eq. (2). Two other scalar multiplets 

<j)L ~ (1, 3, 3*, 1) ~ /, 0fi ~ (1, 1, 3, 3*) ~ r, (10) 

are also assumed, by which SU{3)i may be broken down to SU{2)i. The Yukawa terms 
€-ijk^mnpl^^''V^(l>L eijkemnp{l^Y^{l^y^''4>R a^c ffl priori possible, but we forbid them by a 
discrete symmetry to be discussed later. 

Consider the neutral components of (pL, 4'r, and (p that are also singlets under SU{3)q x 
SU{2)i X SU{2)l X U{1)y- There are five such fields: 0^', 0i3, and 033. [We denote 

the components of (pi, 4>r by the corresponding components of /, l'^.] They are connected by 
the trilinear scalar coupling (pi'pR'P in the combination (Pl'P'r4>i3 + (Pl'^r'^'Pss- This means 
that their vacuum expectation values are all naturally of the same order of magnitude, in 
which case [^f/(3)]^ breaks down completely to SU{3)g x SU{2)i x SU{2)l x f/(l)y at this 
one scale. Since hd'^ couples to 0^3, hh'^ to 033, Nu'^ to 0i3, NN'^ to 033, zx'^ to 0i3, zz'^ to 
033, heavy Dirac masses are obtained for h, N, z with linear combinations of d'^ and h'^, u'^ 
and A^'^, x'^ and z*^ respectively. Redefining the orthogonal combinations of the latter to be 
simply d^, u'^, x'^, the massless fermions of our model consists of those of the minimal standard 
model plus u'^ and the hemions {x,y),x'^,y'^. This particle spectrum turns out to be exactly 
what is needed for the unification of all the gauge couplings at around 10^^ GeV as shown 
below. 

Consider the possibility that the four SU{3) gauge couplings are equal at some high scale. 
Instead of embedding [S't/(3)]'^ in a single simple group as in ordinary grand unification, we 
invoke a cyclic Z4 symmetry which rotates the four gauge groups in the manner indicated 
by the moose diagram of Fig. 3. The fermionic spectrum is already compatible with such 
a Z4 symmetry with q ^ I ^ l'^ ^ q'^ ^ q. The Higgs sector is enlarged to accommodate 
(pL ^ (pR ^ 4'r ~^ 'P'l ^ 4>L, whereas 0i and 02 (renamed 03) are contained in the 
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invariant Yukawa Lagrangian 

Ly = Y{rr{ir(l)^ + l'q'(t)2 + q'qh + q^i) 

+ Y2Tr{irct>\ + l'q'ct>\ + q'q(l)\ + qlcl>\), (11) 

with the new 02 transforming as (3, 1, 3*, 1), etc. We then have ^Al = Vi((0i)22) + ^2((03)22)5 
Mu = ri((03)22) + >^2((0i)22), ^nd Md = >l((03)ii) + >^2((0i)n), if the d'^ - mixing 
described above is ignored. 

The standard model (without supersymmetry) fails to yield coupling unification, assum- 
ing the standard SU{b) relation sin^ = 3/8 at the unification scale. This same relation 
is true in the [S'f/(3)]'^ trinification model. However, in the [S'f/(3)]^ quartification model, 
sin^ 6*14/ = 1/3 at the unification scale, which follows from the embedding of electric charge, 
i.e. Eq. (7). This exacerbates the failure of the standard model regarding coupling unifi- 
cation. On the other hand, we have relatively light {x,y),x'^,y'^ hemions in this model and 
they will affect the evolution of all the gauge couplings except that of SU{3)q. 

The renormalization-group evolution of the gauge couplings is dictated at leading order 

by 

_J- ^ = Ainf^ 

aj(/i) ai{jj,') 2-K 

where hn are the one-loop beta-function coefficients, 

h = -ll + ^Ng, (13) 

22 1 

h2 = -- + 2Ng + -NH, (14) 
13 1 

bi = yiV. + y^Nh, (15) 

{Ng = 3 is the number of generations) which include the contributions of the weak-scale 
SU{2)i doublet hemions [(x, y) is an SU{2)i doublet with F = 0; x'^ and y'' are SU{2)l 
singlets with Y = =i=l] and Nh Higgs doublets with Y = ±1. The initial values of the gauge 

7 





102 10^ 10^ 10^ IQio 10^2 1014 
(GcV) 



Figure 4: Leading-order evolution of the gauge couplings from their low-energy values to the 
unification scale in a simple [S'f/(3)]^ quartification model with no intermediate scales. 

couplings are 

as{Mz) = 0.117, (16) 

a2{Mz) = iV2/7i)GFM^ = 0.034, (17) 

ai{Mz) = 2a2{Mz) tan^ Ow = 0.0204, (18) 

where the factor of 2 in the last relation [and the normalization of bi in Eq. (15)] is determined 
by the embedding of f/(l)y in [^[/(S)]^. We show the evolution of the couplings from the 
weak scale up to very high scales in Fig.|3J using Nh = 2. Remarkably, the couplings actually 
meet, within the accuracy of the leading-order calculation, at 4 x 10^^ GeV. Even more Higgs 
doublets can be accommodated if some hemions are heavier than the weak scale. 

The evolution of the unbroken SU{2)i coupling from the unification scale to the weak 
scale is given by Eq. (12), with b2i = —22/3 + {4:/3)Ng, which includes the contribution of 
the weak-scale hemions. This yields a2i^{Mz) ~ 21, which is between the weak and strong 
couplings. Below the weak scale, the evolution is driven only by the SU (2)/ gauge bosons. 
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The coupling becomes strong at a scale K21 ~ 1 keV, five orders of magnitude less than 

Let us look at the hemion masses in more detail. If the and terms were 

not forbidden, then all hemions would be heavy at the quartification scale. As it is, they 
are forbidden by a discrete symmetry, so certain hemions become massive only through 
011) 022) and 031, with the same Yukawa couplings as the observed leptons, which is not 
realistic. Thus we consider the possible existence of the nonrenormalizable terms such as 
eijfcem„,p/*™P"[(0R0i)^]''P and eijfee^„p(/'=)*™(/'=)^"[(0i0L)1']''P, which are suppressed presumably 
by the Planck mass. Since (10^^GeV)^/(10^^GeV) = 10"^ GeV, it is natural in our model to 
have hemion masses at the TeV scale. Furthermore, the resulting mass terms (xi?/2 — X2yi, 
etc.) are singlets under SU (2)^ x U (l)y and thus have negligible contributions to the oblique 
parameters in precision electroweak measurements and would not upset the agreement of 
present data with the standard model. As to what discrete symmetry we should use, there 
are some options. The key is to have (pL different from etc. under this symmetry. 

An example is Z4, under which {q,l,l'^,q'^) transform as i, as —1, and (f)L,R as +1. [If we 
add a new 0, then Z2 may be used.] 

In contrast to SU{5) grand unification, baryon number is conserved here by the gauge 
interactions of [^[/(S)]^ quartification. However, it is violated in the scalar and Yukawa sec- 
tors. Consider for example the Z4— invariant dimension-five operator //(0_r0i)^+/^/^(0'j:j02)^ + 
I'^l'^i^pL'PsV + Q'Q'(0i04)^- When (j)'^ acquires a vacuum expectation value, the last term in- 
duces a diquark coupling ud^cp^)'^^, with a strength of order A' = 10^^/10^^ = 10"^. In 
addition, the top quark Yukawa coupling from Eq. (11) contains a leptoquark coupling of 
the same field (04)33 given by Xtbi^r{(p'i)33- The exchange of (04)33 then leads to proton decay, 
with a rate for the dominant mode z/^i^"*" estimated to be 

r(p-^.i^-)-^^^^~[io-y]-\ (19) 
9 



where A' = 10-^ At = 1, 9sb ^ Kfe = 0.04, and = 4 x 10" GeV. If the Yukawa 
couphngs that induce the x and y hemion masses were not suppressed, this model would 
have predicted too short a lifetime for the proton. Thus the TeV scale hemions are needed 
both for gauge-coupling unification and for consistency with proton decay. Since Eq. (19) 
has large numerical uncertainties, a more reasonable estimate of the proton lifetime is in the 
range 10"^^ — 10^^ years. 

Consider now the neutrino mass matrix. It gets no contribution from the antisymmetric 
// and I'^l'^ terms. Thus it is of the purely Dirac form derived from Eq. (11). To obtain a 
small Majorana rriu, consider the addition of a heavy fermion singlet S per family, which is 
linked to u by the Yukawa term fTr{l(j)\ + l^(f)^j^)S. For the masses of u'^, N, N'^, S all of order 
10""^^ GeV and /(</>£,) ~ 10 GeV, we get my ~ 1 eV, which is a very reasonable mass scale 
for neutrino oscillations. [An alternative is to add an extra scalar multiplet ~ (1, 1, 6*, 6) 
with the Yukawa coupling lijlmnCii'''"^ provide A^'^ with a large Majorana mass.] 

The SU{2)i gauge symmetry is unbroken. In analogy to the gluons of SU{3)q, we call 
the 3 massless gauge bosons of SU{2)i "stickons". They serve to confine the hemions into 
integrally charged particles. They can also stick together to form "stickballs" . In quantum 
chromodynamics, the glueballs are very unstable because they are heavier than the mesons. 
Here the corresponding "mesons" are much heavier than the stickballs. Since the hemions 
are also electrically charged, a necessary decay mode of a stickball is into 2 photons, but 
is suppressed by the mass of the hemion in the loop. At the TeV scale, hemions may be 
accessible at future colliders. Two hemions will combine to form 3 kinds of particles: call 
them A~'",A°, A~. Whereas A° decays immediately into 2 stickballs, A^ is somewhat more 
stable, because it has to decay into a and a stickball. 

In conclusion, we have proposed a novel scenario for the unification of quarks and leptons 
based on the gauge symmetry SU (3)^ x SU (3) l x SU{3)i x SU{3)ji. Leptons become just like 
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quarks in that there is also a color SU{3)i. However only the subgroup SU(2)i is unbroken, 
and the corresponding confined "lepton" doublets (which we call hemions) are either very 
heavy or at the TeV scale, whereas the observed leptons are singlets and unconfined. We 
have discussed how this [^[/(S)]^ quartification is broken at around 10^^ GeV to the gauge 
symmetries of the standard model plus SU{2)i, and how its particle content (that of the 
standard model plus hemions at the TeV scale) leads remarkably well to the unification of 
the 3 known gauge couplings without supersymmetry and a proton lifetime in the range 
10^^ — 10'^^ years. [Recall that in minimal nonsupersymmetric SU{5), gauge couplings do 
not unify and the predicted proton lifetime is too short.] 



Acknowledgements 

This work was supported in part by the U. S. Department of Energy under Grant Nos. DE- 
FG03-94ER40837, DE-FG02-91ER40677, DE-FG03-98ER-41076, DE-FG02-01ER-45684, by 
the National Science Foundation under Grant No. PHY99-07949 and an award from the 
Research Corporation. E. M. and S. W. thank the KITP (UC Santa Barbara) and the 
organizers of its 2003 Neutrino Workshop for hospitality and the stimulating environment 
which fostered this work. 



11 



References 

[1] R. Foot and H. Lew, Phys. Rev. D 41, 3502 (1990). 

[2] R. Foot, H. Lew, and R. R. Volkas, Phys. Rev. D 44, 1531 (1991). 

[3] G. C. Joshi and R. R. Volkas, Phys. Rev. D 45, 1711 (1992). 

[4] A. De Riijula, H. Georgi, and S. L. Glashow, in Fifth Workshop on Grand Unification, 
ed. K. Kang, H. Fried, and P. Frampton (World Scientific, Singapore, 1984), p. 88. 

[5] K. S. Babu, X.-G. He, and S. Pakvasa, Phys. Rev. D 33, 763 (1986). 

[6] G. Lazarides, C. Panagiotakopoulos, and Q. Shafi, Phys. Lett. B 315, 325 (1993) 
[Erratum-ibid. B 317, 661 (1993)] |arXiv:hep-ph/9306332| . 



[7] S. Willenbrock, Phys. Lett. B 561, 130 (2003) |arXiv:hep-ph/0302168 . 
H. Georgi, Nucl. Phys. B 266, 274 (1986). 



[9] M. R. Douglas and G. W. Moore, |arXiv:hep-th/9603167[ 



[10] P. H. Frampton and S. L. Glashow, Phys. Lett. B 190, 157 (1987). 



12 



